ABSTRACT: An extensive field study has been undertaken to quantify the aerial release of spray material through the changes in meteorology as the day progresses. An important subset of these collected data is one-second interval data of the aircraft behavior and the mechanical release systems. These unique data provide an excellent source of information on bounding the variability in the expected deposition patterns, and how this variability might impact any error bounds established around the timeaveraged predictions generated by the AGDISP model. This paper quantifies the variability in aerial application parameters and makes suggestions with regard to possible implications of this variability on the variability of deposition predictions in the flight line direction.
Introduction
In the last twenty years, a significant modeling and data collection effort has been undertaken by the USDA Forest Service and its cooperators to develop accurate, validated models that predict the behavior of pesticides applied by aerial application above forests, crop canopies, and open terrain. In a recent paper [15] we concluded that the AGDISP model [17] can be used with confidence out to its downwind validation distance of 800 m, and that model predictions recover the ensemble average deposit that would result when aircraft and meteorological conditions are averaged across the spraying event. The purpose of this paper is to examine the flight line variability inherent in the spray application process and to understand its implications with regard to possible variability in the deposition pattern itself.
Over the years several modeling studies have been undertaken to gain insight into the sensitivity of model predictions to changes in application parameters [10, 12, 13, 14] . The somewhat obvious finding is that the most important application parameters include the release height, wind speed, and drop size distribution. These studies focused on the changes that occur in the average deposition pattern as one or more input variables were changed. Subsequent model comparisons with data [1] assumed that model predictions of downwind deposition patterns could be compared to the average of three card lines spaced evenly in the flight line direction [6] . From these assumptions the accuracy of the AGDISP model was determined.
One important question to ask is whether the average of three card lines adequately captures the average deposition pattern generated by the spray process, averaging across the aircraft and meteorological changes that occur along a flight line. Preliminary fieldwork by the Spray Drift Task Force -prior to their aerial field trials -positioned multiple collectors over a short distance parallel to a flight line, with the observation that the variability seen in these cards was similar to the variability found among three lines of collectors spaced 15.2 m apart [5] . A first step in quantifying flight line variability would require collecting data on aircraft and spray system operation, in addition to local meteorology, on a flight line by flight line basis.
In the summer of 2002 the USDA Forest Service and its cooperators conducted a series of 45 field trials in a young Southern Pine plantation (Loblolly Pine, Pinus taeda), located in southeastern Georgia outside of Claxton, GA, on International Paper land. The objectives of this study included the following: (1) to investigate the role of atmospheric stability in the dispersion of aerially applied spray materials, and (2) to investigate the feasibility of using lower application rates in the treatment of Pine Tip Moth. To accomplish the first objective, the trials were conducted throughout the day for several successive days, from sunrise to sunset. To accomplish the second objective, two application rates were used during the aerial trials. Data and preliminary conclusions from the lower application rate trials were summarized in [18] . This paper explores the influence of mechanical variability on ground deposits, using a validated computer model. Deposition data were previously explored in Ref. [18] and will be compared against model predictions in a forthcoming paper.
One of the interesting aspects of the data is the fact that the on-board GPS system, on-site meteorological tower, sonic anemometer, and SoDAR (acoustic sounder) recorded the release height, aircraft speed, flow rate, wind speed, wind direction, temperature, and relative humidity, in addition to net radiation, atmospheric stability, flow pressure, and rotary atomizer RPM, in one second intervals (or less) along each flight line (Table 1 details the instruments used in the field study). These data provide a snapshot of how an experienced pilot, accurate flow control system, and rotary atomizer would perform in an operational environment, and essentially provide the first set of data that enables us to recover the variability in downwind deposit due to changes in application parameters along the flight line.
Field Trial Summary
The lower flow rate trials (a total of 35) were conducted with a highly instrumented Cessna The aircraft was equipped with four Micronair AU4000 rotary atomizers, with the drop size distribution (determined from a wind tunnel study) shown in Fig. 1 . The spray was water with a fluorescent dye (Pyranine 10G). Trees were numbered on a grid over a 100 m × 100 m area. Four lines were surveyed oriented N-S, E-W, NE-SW, and SE-NW, with a common center point forming an asterisk pattern. Prior to each trial, a determination of wind direction was made, and collectors were deployed downwind of a particular line at specified locations. Every tenth trial was flown as a blank without engaging the spray system, as a means of testing site contamination. Excluding blanks and two shakedown trials, 30 trials were used in this analysis.
These data are analyzed to recover mean values and standard deviations of the application parameters along each flight line, and from these determine an "average" set of model inputs. These results are summarized in Table 2 . The wind speed U and wind direction Θ are entered into the model separately, but their modeled effect is felt through the "wind parameter" Usin(Θ). Its standard deviation is determined from the expression
where σ U and σ Θ represent the standard deviations of the mean speed and mean wind direction, respectively. These results are summarized in Table 3 . Finally, every trial was run with a different nonvolatile fraction; however, the nonvolatile fraction did not change down any one flight line and therefore does not play a part in flight line sensitivity. Because temperature and relative humidity varied slowly throughout the trials, they also are assumed constant down any one flight line and do not play a part in flight line sensitivity either. These results are summarized in Table 4 .
The variables that can then be investigated with model runs are the release height and the wind parameter. The aircraft speed varies little down any one flight line (Table 2 : COV = 0.007), and its effect will not be studied here, although it will play a role in our later discussion of drop size distribution. Flow rate is a multiplicative factor on any result we obtain, and for this study will increase the overall system standard deviation by 3.7 % ( Table 2 : COV = 0.037). The drop size distribution generated by the rotary atomizers is influenced by the aircraft speed, flow rate, and atomizer RPM, and will be discussed later. Boom pressure effects are not modeled. 
Model Predictions for Release Height and Wind Parameter Sensitivity
The drop size distribution plotted in Fig. 1 and the mean values listed in the previous tables, along with the known characteristics of the aircraft, enable a model prediction of an "average" base line for the release height and wind parameter variability study. The average deposition result is shown in Fig. 2 , where swath displacement has been adjusted so that the maximum downwind deposit occurs at a distance of 0 m. The next step is to compute the effect of adding and subtracting the standard deviations (Tables 2 and 3 ) from the mean release height and the mean wind parameter. This step recovers eight additional model runs, with their deposition results shown in Fig. 3 . Deposition in the spray block maintains mass accountancy.
These nine model runs form a 3 × 3 full factorial design [3] and enable us to estimate the standard deviation of the downwind deposition pattern due to the observed variable changes at the aircraft and in the local meteorology. To accomplish this task, we develop the joint probability density function (JPDF) for a pair of random variables [4] . Because release height (H) and wind parameter (W) are independent inputs (and independent operational parameters: the pilot does not set the release height based on the wind speed), from a statistical standpoint they may be considered independent random variables. Thus, they may be represented by normal distributions, enabling us to write JPDF as
where H m is the mean release height, W m is the mean wind parameter, σ H is the standard deviation of the release height, and σ W is the standard deviation of the wind parameter. The double integral of JPDF = 1. JPDF recovers the probability at any value of release height and wind parameter. What is now needed is a map of downwind deposition as a function of release height and wind parameter. We may accomplish this task by running the model for a large number of values of H and W, or, alternately, developing a linear regression that fits the model behavior at selected distances downwind. We choose to recover the predicted deposit at 0 m, 10 m, 20 m, etc., from Fig. 3 , and use a statistical software package (JMP, version 3.2.2, developed by SAS Institute, Inc., Cary, NC) for our analysis. We retain only those terms (to second order) that are statistically significant and obtain linear regressions for the deposition DEP of the form at each of the selected downwind distances, where the constants C 1 , C 2 , C 3 , C 4 , C 5 , and C 6 capture the variation observed in Fig. 3 at that distance. The regression approach is quite accurate, recovering R 2 values approaching 1.0 near the edge of the application area and reducing in accuracy beyond 100 m.
At each selected downwind distance we form a probability distribution of DEP as a function of release height and wind parameter, by selecting values of H and W (within one standard deviation of their means), evaluating JPDF and DEP, multiplying them together, and collecting the results into a histogram. A typical histogram is shown in Fig. 4 . This histogram, as all the others developed here, suggests a mean deposition value and a standard deviation, exactly what we would expect. Their combined effects then produce the mean downwind deposition pattern, with its standard deviation added on both sides of the statistical deposition pattern, as shown in Fig. 5 .
The most interesting result is the realization that the mean downwind deposition pattern generated by including flight line variability is slightly different than the average deposition result generated by AGDISP with the average inputs (Fig. 5) . In particular, the deposit is raised approximately 5 % above the AGDISP prediction at a downwind distance of 0 m, and lowered approximately 10 % below the AGDISP prediction at a downwind distance of 20 m. If applicable to the Spray Drift Task Force aerial trials, these trends would improve model comparison with data, both near the spray block and farther downwind [1] . The possibility that flight line variability could improve model predictions should be explored further, especially if field test conditions are known to include potentially large variations in release height, wind speed, and wind direction down each flight line. 
Model Predictions for Drop Size Distribution
The drop size distribution plotted in Fig. 1 was measured in a wind tunnel, and represents the drop size distribution expected from the AU4000 when spraying conditions match wind tunnel conditions. Because the wind tunnel results do not include the variations in aircraft speed, flow rate, and atomizer RPM observed in the field trials, we must model these effects, and then see what their impact might be on the downwind deposition pattern.
In a previous study [16] we were able to develop linear regressions for drop size distributions from the Micronair AU5000, consistent with an approach suggested by Kirk [7, 8] for hydraulic spray nozzles. Wind tunnel studies on the AU4000 are expected, but not yet available. Therefore, to provide an indication of the effect on drop size distribution of varying aircraft speed, flow rate, and atomizer RPM, we choose to scale the AU5000 linear regression equations for D V0.25 , D V0.5 , and D V0.75 , following the scaling approach discussed in Teske and Bilanin [11] . The results obtained by Kirk [7, 8] for relative span suggest that D V0.1 and D V0.9 may not be well correlated, and so D V0.25 and D V0.75 are used here instead (consistent with [9] ). We choose to investigate the effects of one standard deviation change in aircraft speed, flow rate, and atomizer RPM down a flight line on drop size distribution and its subsequent downwind deposition pattern.
The effects on drop size distribution are summarized in Table 5 . From Fig. 1 the mean values of D V0.25 , D V0.5 , and D V0.75 , are 51.5 µm, 111.9 µm, and 171.6 µm, respectively. One standard deviation bounding values of these parameters (summing the column effects in Table 5) give 45.8 µm (minimum) and 57.2 µm (maximum), 96.6 µm (minimum) and 127.2 µm (maximum), and 154.7 µm (minimum) and 188.6 µm (maximum), respectively. The lower bounding values reflect higher aircraft speed, flow rate, and atomizer RPM, while the higher bounding values reflect lower aircraft speed, flow rate, and atomizer RPM. The resulting interpolated drop size distributions are shown in Fig. 6 , with large variability coming from changes in the atomizer RPM (only one of the four atomizers was instrumented). It would appear that the variability in the local wind environment seen by the rotary atomizer, just below the wing and outboard of the fuselage, and filled with turbulent eddy effects, may make a substantial contribution to the drop size distribution that results (the effect would seem to be less consequential for hydraulic spray nozzles). These results are consistent with previous probe measurements in the wake of an agricultural aircraft [2] . The size of the variation (Table 2 : COV = 0.048) actually becomes magnified in the drop size distribution (COV = 0.077 on D V0.5 in this case), and suggests that further experimental study is needed in this area.
The subsequent model predictions of downwind deposition are shown in Fig. 7 . It may be seen that a wide spread in deposition is possible close to the aircraft, although the effect quickly vanishes by 50 m downwind. Deposition in the spray block maintains mass accountancy. 
Discussion
Previous figures present the downwind deposition patterns for one standard deviation from the means developed for release height and wind parameter variation (Fig. 5 ) and drop size distribution (Fig. 7) . The average variations for these patterns are summarized in Table 6 .
Overall, release height (Table 2 : COV = 0.090) and wind parameter (Table 3 : COV = 0.430) generate a deposit COV of 0.166, suggesting that changes in wind speed and direction are important, but not to the degree supported by the release height and wind parameter COV values alone. Aircraft speed, flow rate, and atomizer RPM (Table 2: total COV = 0.092) generate a drop size distribution COV of 0.136 (on D V0.5 ) and a subsequent deposition COV of 0.113, consistent with the aircraft speed, flow rate, and atomizer RPM COV values.
If the Claxton field study were typical of all aerial applications, we might then expect a flight line variation in downwind deposition pattern of up to 30 % from the AGDISP model predictions. This variability in deposition appears significant and should be explored further with additional field studies or with examination of previous data containing the details needed to make a flight line variability assessment. It would be interesting to know, for example, whether flight line variability is more systematic (dependent on pilot behavior) than random. Quantifying such effects would be challenging, however. 
Conclusions
This research has examined flight line variability by generating statistical information from a detailed experimental data set, and using these results to make predictions of the anticipated deposition pattern variability with the validated model AGDISP. The predicted deposition pattern appears sensitive to changes in release height, wind speed, and wind direction down the flight line, and, should further experimental work support these theoretical findings, these effects could be included in future model predictions to adjust model predictions by up to 30 % in the flight line direction. While we have traditionally focused our predictive tools on flight line to flight line variability, more subtle and potentially more important changes may take place along each flight line.
